Interest in the genetic composition of cynomolgus macaques (Macaca fascicularis) has increased due to the rising demand for NHP models in human biomedical research. Significant genetic differences among regional populations of cynomolgus macaques can confound interpretations of research results because they do not solely reflect differences in experimental treatment effects. Therefore, the common origin of cynomolgus macaques used as research subjects should be verified by using region-specific genetic markers to minimize the influence of underlying genetic variation among animals selected as research subjects on phenotypes under study. We compared the effectiveness of 18 short tandem repeat (STR) markers with that of 83 single-nucleotide polymorphism (SNP) markers to differentiate the ancestry of cynomolgus macaques from 6 different populations (Cambodia, Sumatra, Mauritius, Singapore, and the islands of Luzon and Zamboanga in the Philippines). Genetic diversity indices such as allele numbers and expected heterozygosity based on SNP were lower and exhibited lower standard errors than those provided by STR, probably because, unlike STR, most SNP are biallelic and consequently exhibit maximal expected heterozygosity values of 0.50. However, the standard error of estimates of observed heterozygosity based on SNP was higher than that for STR, perhaps reflecting sampling errors. Only 27 SNP were required to match the resolving power of 17 STR to detect population structure, that is, 1.6 SNP:1 STR. Whereas STR only differentiated the Mauritian population from all other populations, SNP detected 4 genetically distinct groups (Cambodia, Singapore-Sumatra, Mauritius, and Zamboanga). SNP are poised to become as valuable as STR for understanding and detecting genetic structure among cynomolgus macaques. Although STR will remain an important tool for cynomolgus macaque population studies, SNP have the potential to become the mainstream marker type.
Cynomolgus (or long-tailed) macaques (Macaca fascicularis) are commonly used NHP subjects for biomedical research. Cynomolgus macaques are mainly found in Indonesia, the Philippines, Malaysia, Mauritius, Thailand, Myanmar, and Indochina, including Cambodia, Laos, and Vietnam 15, 17 (Figure 1 ). Due to the increasing demand for cynomolgus macaques for biomedical research, more cynomolgus macaques than any other NHP species have been imported into the United States in recent years. 4, 22, 25, 43 Although some cynomolgus macaques are imported directly to the United States from Mauritius and Indonesia, more than 65% are imported from breeding farms in China, 2 a country outside their current natural range. Most cynomolgus macaques in Chinese breeding farms probably originated in Indochina, 65 but these farms do not document their origins, and interbreeding of animals from different regions of origin has been reported. 28 Genetic evidence also suggests that natural interspecies admixture between cynomolgus and rhesus macaques has occurred in Indochina, Myanmar, and Thailand 5, 42 ( Figure 1 ). The introgression of rhesus macaque genes into populations of cynomolgus macaques extends well beyond the contact zone between the natural ranges of the 2 species in Indochina in a wide zone of intergradation that ranges southward from 15° to 20° north (of Thailand, Vietnam, and Laos) to southern Thailand and Malaysia. 3, 5, 6, 16, 29, 56, 60 The high variability in the level of rhesus introgression inflates diversity parameters of-and genetic differences among-regional populations of Indochinese cynomolgus macaques. 6 Previous studies have shown significant genetic differences among regional populations of cynomolgus macaques, with the level of difference between some populations approaching that between some species. 2, 3, 21, 29, 28, 32, 33, 34, 38, 54, 56, 59 Given that phenotypic variation due to these genetic differences can influence responses to experimental treatment effects, thus rendering specific populations inappropriate for particular studies, these differences can confound interpretations of the outcome of experimental research involving cynomolgus macaque subjects from multiple regions of origin. 1, 9, 10, 48, 50, 52, 64 For example, the differential responses to Plasmodium knowlesi infection in Philippine, Malaysian, and Mauritian cynomolgus macaques are examples of the importance of knowing the region of origin of research subjects. 10, 41, 48 Because Philippine cynomolgus macaques live near the limit of the geographic range of both the pathogen and its vector and because Mauritian cynomolgus macaques are outside the range of this pathogen and vector, theses NHP exhibit lower rates of infection than those from Malaysia. 48, 51, 64 Unlike cynomolgus macaques from Indonesia, Indochina, or the Philippines, cynomolgus macaques from Mauritius are resistant to symptoms of clinical shigellosis after experimental immunization. 10, 50 In addition, because alleles contained within the MHC region influence the effectiveness of an individual's immune response to different pathogens, matching subjects in immunologic and infectious disease research for their MHC alleles minimizes the contribution of genetic variance to the phenotypic variance in responses to biomedical treatment effects. For this reason, the Mauritian cynomolgus macaques, Figure 1 . Geographic distribution of cynomolgus macaques (M. fascicularis; light gray) primarily is confined to the regions south of the subtropical and temperate geographic range of the rhesus macaque (dark gray), although a region of parapatry occurs in Myanmar, Thailand, and Indochina (medium gray). 5 Locations of the cynomolgus macaque populations included in this study are marked with dots and correspond to those in Table 1 . Adapted from reference. 6 Vol 57, No 5 Journal of the American Association for Laboratory Animal Science September 2018 which exhibit high frequencies of a relatively few class I MHC alleles, 30, 36 are desirable subjects for HIV and SIV research.
Because subjects obtained from the entire cynomolgus macaque geographic range are being used in biomedical research, it is important to include provenances throughout this species' natural range into future population genetic studies. 28, 54 Consequently, investigators should determine or verify and report the origin and ancestry of the cynomolgus macaques they use as research subjects. The genetic composition of cynomolgus macaques has been studied by using mitochondrial DNA (mtDNA) and microsatellite or short tandem repeat (STR) markers. MtDNA studies have confirmed 2 genetic clusters of cynomolgus macaques in Southeast Asia: a continental population (including Indochina, Thailand, Myanmar, and Peninsular Malaysia north of the Isthmus of Kra), whose members predominantly belong to mtDNA haplogroup Fas1 54 (that is, the Asian mainland clade 39 ), and an insular population (including Indonesia, Sarawak Malaysia, and the Philippines) 21, 54, 59 belonging predominantly to mtDNA haplogroup Fas2 54 (that is, the Sundaland clade 39 ).
Other protein polymorphism and mtDNA studies have suggested that Mauritian cynomolgus macaques were introduced from Indonesia by sailors, experienced a severe genetic bottleneck, and have become genetically distinct from other populations of the species, 34, 47 including those from Indonesia. An analysis using a panel of 24 STR divided cynomolgus macaque populations into 3 genetic clusters: the Philippines (including Luzon, Zamboanga, and Corregidor), Mauritius, and a cluster comprising Sumatra, Cambodia, and Singapore. 28, 29 In that study, samples from Sumatra and Singapore overlapped those from Cambodia, albeit only slightly, providing a somewhat different clustering than reported in earlier mtDNA studies. Thus, mtDNA and STR together differentiate cynomolgus macaques into 4 different clusters: a continental cluster and the 3 insular clusters of Singapore-Sumatra, the Philippines, and Mauritius.
Although STR are still the mainstream in population genetics, the use of SNP has increased due to its advantages over STR. 23 SNP experience a lower false genotyping rate, a much lower rate of mutation (so that shared alleles express identity by descent, rather than only identity by state), and a much greater abundance in the genome and are more suitable for automation and standardization in high-throughput sequencing technologies than STR. 18, 40, 63 However, STR provide higher information content per locus than SNP, because STR are multiallelic whereas the great majority of SNP are only biallelic. 26 Therefore, more SNP are required to achieve the same resolution as that provided by fewer STR; 47, 63 a single STR reportedly is approximately as informative as 1.7 to 5.6 SNP, depending on the characteristics of the marker sets and size of the populations. 7, 19, 20, 35, 37, 49, 59 In the current study, we characterized the genetic structure of several regional cynomolgus macaque populations by using panels of 96 SNP and 25 STR and compared the effectiveness of these 2 types of markers in differentiating the ancestry of cynomolgus macaques.
Materials and Methods
The 446 subjects from which the blood samples that we used in this study were acquired were either captured in the wild or recently derived from wild-caught founders maintained in captivity for biomedical research. These samples were obtained directly from in-country breeding farms by Primate Products USA (Immokalee, FL), with all the required CITES and import permits and the greatest possible authentication of the provenance of all samples. Figure 1 illustrates the geographic ranges of the cynomolgus macaques, whereas Table 1 indicates the locations from which the cynomolgus samples originated and the number of samples representing each location. DNA was extracted from the blood samples (QIAamp DNA Blood Mini Kit, Qiagen, Valencia, CA) and then quantified (Qubit dsDNA BR Assay Kit, Applied Biosystems, Foster City, CA); DNA concentrations were adjusted to 80 ng/μL.
To identify SNP for this study, reduced representation libraries of pooled DNA samples from 4 cynomolgus macaques-one each from Sumatra, Cambodia, Zamboanga (in Mindanao, Philippines), and Mauritius-were constructed by using a method previously described for SNP identification in rhesus macaques. 61 These analyses generated more than 5,000 SNP that exhibited alleles unique to 1 of the 4 regions. From these geographically unique SNP, a panel of 96 genome-wide ancestry-informative markers was assembled to identify the geographic region of origin of 155 cynomolgus macaques of unknown ancestry. As described previously, 65 these SNP then were used to design a custom SNP type assay (Fluidigm, South San Francisco, CA). The assay was run by using the Fluidigm Juno SNP genotyping system at the UC Davis Genome Center DNA Technologies Core; genotypes were assigned by using the Fluidigm SNP Genotyping Analysis software (version 4.1.2).
The STR analysis used in this study has been described elsewhere. 29 , and 72 °C for 45 to 90 s (extension); followed by a final extension at 72 °C for 5 to 60 s. All samples were analyzed on an automated genetic analyzer (ABI 3130xl, Applied Biosystems, Foster City, CA) according to the recommendations of the manufacturer by using the LIZ500 size standard to assign genotypes. Because these markers have been used for assigning parentage to captive cynomolgus macaques without evidence of allelic dropout, we did not routinely confirm genotypes with multiple amplifications. Only STR loci that showed the highest expected heterozygosity or gene diversity estimates in a sample of cynomolgus macaques from several different geographic regions were selected for the present study. 29 Because missing data can reduce the power of genetic analyses, only animals and markers with at least 90% complete genotypes were used in subsequent comparisons. 8, 11 As such, 2 sets of comparative analyses were conducted to evaluate the SNP and STR panels' ability to differentiate cynomolgus macaque populations; Table 2 presents the SNP and STR markers that were used in each comparison. The first analysis compared the genetic structure and composition of all cynomolgus macaques detected by one or the other of the 2 types of markers while the second analysis only included individuals with both SNP and STR genotypes. Arlequin version 3.5.2.27 13 was used to estimate the number of alleles (N A ), observed heterozygosity (HO), expected heterozygosity (HE), overall inbreeding coefficient (F IS ), fixation index (F ST ), and pairwise F ST for both analyses and marker datasets. F ST estimates between pairs of populations were tested for statistical significance by using 1,000,000 genotypic permutations in Arlequin, 13 followed by sequential Bonferroni correction for the multiple pairwise population comparisons. 45 Because the identities of the individual samples used in the analyses of samples with both SNP and STR genotypes differ from each other and from that for all samples with genotypes for one or the other type of marker, the parameters generated by the 3 different analyses are not strictly comparable.
The program STRUCTURE 2.3.4 24, 44 was used to characterize population structure in both sets of comparative analyses. The simulations were performed with 500,000 iterations after a burnin period of 100,000 by using the admixture model with a priori location information (LOCPRIOR); LOCPRIOR is used when the locations of origin from which the samples were collected are known. The runs were conducted under the assumption of 1 to K populations, plus 2 to account for potential ancestors in other groups. All STRUCTURE runs were replicated 5 times for each value of K, and the log probability of the data (Ln P[D]) and Δ K 12 were used to determine the true number of populations, that is, the K value with the highest Ln P(D) and lowest standard deviation that coincides with the highest Δ K. Additional STRUCTURE analyses were performed to compare the abilities of SNP and STR to detect the population structure and to differentiate regional populations of cynomolgus macaques. Because multiple SNP are required to obtain the same power of resolution as a single STR, the exact number of which varies due to the informativeness of each SNP and STR, STRUCTURE runs were performed on all 83 SNP as well as on 4 sets of SNP randomly selected from all available SNP markers with 90% complete data, that is, 63, 43, 23, and 8 loci. The random selection The markers used in the comparison of all subjects with either SNP or STR data are italicized (Table 3) , and markers used in the comparison of animals with both SNP and STR data are bolded ( Table 4 ). The STR have been described elsewhere. 29, 55 The M. mulatta RheMac2 and M. fascicularis macFas5 reference genomes (https://genome.ucsc.edu/cgi-bin/hgGateway) were used for mapping the chromosome positions of SNP. 46, 61, 65 Location numbers correspond to those in Figure 1 .
of SNP was conducted without replacement by using Microsoft Excel (Redmond, WA). Successful assignment by using STRUC-TURE was assessed by the proportion of samples for which the proportionate assignment of a subject to its correct population (Q) was 90% or more.
Results
All subjects. After the removal of markers and subjects with less than 90% data completeness, 381 samples genotyped for 18 of the 25 STR tested and 129 samples genotyped for 83 of the 96 SNP tested remained. The samples were from 5 populations: Cambodia, Sumatra, Mauritius, Singapore, and Zamboanga (Philippines). Luzon (Philippines) was omitted because only 15 of its representatives met the requirement for 90% data completeness for STR. The Luzon sample size was too small for this analysis, whereas the sample sizes of the remaining populations ranged from 37 (Zamboanga) to 103 (Cambodia) subjects with STR data that met the 90% criterion ( Table 3) .
The sample numbers and estimates of N A , HO, HE, and F IS averaged across all loci for both marker types and populations for subjects with either STR or SNP data are given in Table 3 . Both the means and standard errors of the N A estimates based on SNP were smaller than those generated by STR, reflecting the biallelic and multiallelic nature of SNP and STR, respectively. Not surprisingly, both HO and HE estimates were higher for STR than for SNP. However, although the standard errors of the HE estimates based on both marker types were relatively comparable, those for HO estimates were much higher for SNP than for STR. This pattern might be due to the inflated sampling errors from the lower sample sizes in the SNP analysis (Table 3) , because it is evident that when sample numbers are equal, as for the populations whose members were genotyped for both STR and SNP that are compared in Table 4 , the N A and HE estimates have much lower standard errors for SNP than for STR.
The Cambodian population exhibited the highest average number of both SNP and STR alleles per locus (N A = 1.72 ± 0.45 and 11.33 ± 4.24, respectively; Table 3 ). Mauritius exhibited the lowest N A (5.44 ± 2.00) based on STR, whereas Zamboanga exhibited the lowest N A (1.27 ± 0.44) based on SNP. The estimates of HO and HE based on STR were lowest in Mauritius (0.56 ± 0.15 and 0.64 ± 0.12, respectively) and highest in Cambodia (0.72 ± 0.11 and 0.78 ± 0.11, respectively). Not surprisingly, the estimates of HO and HE from SNP were much lower than those for STR, albeit distributed similarly among populations, ranging from 0.10 ± 0.22 (Zamboanga) to 0.15 ± 0.25 (Mauritius) and 0.09 ± 0.07 (Zamboanga) to 0.20 ± 0.07 (Cambodia), respectively. The differences between corresponding values of HO and HE were not statistically significant at the 0.05 level of probability for any population or marker set.
The population-specific F IS estimates ranged from 0.05 (Sumatra) to 0.16 (Singapore) for STR and -0.05 (Singapore) to 0.12 (Sumatra) for SNP. The overall F IS estimate based on SNP was -0.12 as compared with 0.15 based on STR. Overall F ST values based on the panel of SNP were much greater than that of STR (that is, 0.36 compared with 0.20). Table 3 shows the average pairwise F ST for each population for both the SNP and STR data. Average genetic differentiation from all other populations was lowest for Sumatra (STR, 0.07; SNP, 0.27) whereas Mauritius and Cambodia had the highest for STR (0.14) and SNP (0.46), respectively. STRUCTURE, Ln P(D), and Δ K results for the STR data suggested that 2 true genetic groups (K = 2) are present among cynomolgus macaque populations, whereas the SNP data yielded 4 true genetic groups (K = 4; Figure 2 ). With the STR data at K = 2, STRUCTURE was able to differentiate Mauritius from the other populations. For the SNP K = 4 results, STRUC-TURE analysis separated Cambodia, Mauritius, and Zamboanga into separate groups and defined a fourth group comprising Singapore and Sumatra.
Subjects with both SNP and STR data. Although 95 subjects were genotyped for both SNP and STR, only 78 of these samples exhibited at least 90% complete data for the same 17 STR and 83 SNP and represent 5 different populations of origin: Luzon, Singapore, Sumatra, Cambodia, and Zamboanga. Because this analysis only used subjects with both SNP and STR data, all populations had reduced but comparable sample sizes, ranging from 15 (Luzon) to 25 (Sumatra; Table 4 ). Because only a single subject from Cambodia was included among the 78 samples, it was omitted from this analysis. We also omitted Mauritius from this analysis because its population lacked any subjects with both SNP and STR. The sample numbers and estimates of N A , HO, HE, and F IS averaged across all loci for both marker types and populations for subjects with both SNP and STR data are given in Table 4 . The STR data yielded N A estimates ranging from 2.77± 2.50 (Luzon) to 8.00 ± 5.38 (Sumatra), whereas N A estimates for the SNP data ranged from 0.44 ± 0.43 (Zamboanga) to 1.47 ± 0.50 (Sumatra). The estimates of HO and HE for STR ranged from 0.27 ± 0.24 (Luzon) to 0.64 ± 0.21 (Sumatra) and 0.29 ± 0.28 (Luzon) to 0.70 ± 0.21 (Sumatra), respectively. The SNP data exhibited HO estimates ranging from 0.07 ± 0.21 (Luzon) to 0.15 ± 0.25 (Singapore) and HE estimates from 0.05 ± 0.04 (Luzon) to 0.13 ± 0.12 (Singapore). At the 95% confidence level, no statistically significant difference was found between the HO and HE estimates for any populations except that for Singapore based on the STR data.
Some disparity between the F IS estimates based on SNP and STR data emerged. Although the STR data exhibited positive F IS estimates for all populations, the range of F IS based on the markers suggested low to moderate levels of inbreeding. The SNP data exhibited negative F IS estimates for all populations except Zamboanga (F IS = 0.01), consistent with an absence of inbreeding. Pairwise F ST estimates are shown in Table 4 . Average pairwise F ST values (that is, average differentiation from all other populations) for STR ranged from 0.17 (Singapore) to 0.33 (Luzon), whereas those for SNP ranged from 0.28 (Sumatra) to 0.43 (Luzon). Therefore, the Luzon population had the highest average pairwise F ST estimate according to both SNP and STR results, thus suggesting high divergence from the other 3 populations (Table 4) , as has previously been reported. 55 The low average pairwise F ST of Sumatra and Singapore in addition to their low pairwise F ST with each other in both marker sets suggests that the Singaporean and Sumatran populations are closely related. 30 This relatedness is also confirmed by the STRUCTURE analysis in Figure 3 . The same STRUCTURE analysis revealed an Ln P(D) and Δ K showing the highest probability at 2 (K = 2) for both the SNP and STR data.
Regarding the fewest SNP that were needed to obtain an equivalent value for accuracy of population assignment (that is, Q value) based on 17 STR, the analyses performed by using 5 sets of SNP-comprising 83, 63, 43, 23 and 8 loci (the last 4 sets comprised SNP that were chosen randomly without replacement)-showed a positive correlation between the number of SNP used and the average rate of successfully assigning a subject to its correct geographic population ( Figure 4) . As noted earlier, subjects are considered successfully assigned to their correct regional population when their Q value is 90% or more; therefore, according to this analysis, approximately 27 SNP were needed to achieve the same average rate of successful assignment as 17 STR, that is, 96.6% (Figure 4) , which translated to approximately 1.6 SNP per STR. This ratio is lower than that reported elsewhere, 7, 19, 20, 35, 37, 58 perhaps because the SNP, but not the STR, that we used here were specifically selected for their ability to differentiate among regional populations of cynomolgus macaques.
Discussion
Previous studies of protein polymorphisms, mtDNA, and STR reported different levels of genetic divisions between insular and mainland cynomolgus macaques and those on the Philippine and Mauritius islands. 21, 28, [32] [33] [34] 38, 59 In the current study, we assessed the genetic composition and structure of cynomolgus macaque populations by using SNP and compared those results with those based on STR.
Given the analyses of both marker types, our results confirmed that genetic differences among cynomolgus macaque populations should be considered in biomedical research. Pairwise F ST computations based on both SNP and STR were either similar to or higher than that between Indian and Chinese rhesus macaques as well as that between rhesus and cynomolgus macaques. 27, 28, 30, 31 As observed on several islands in Indonesia, 33 the elevated differentiation among and reduced variation within insular populations are a consequence of heterogeneity decay and the lack of gene flow due to the presence of significant geographic barriers. 28 Conversely, geographic proximity better explains the close genetic relatedness between Singaporean and Sumatran cynomolgus macaque populations.
Unlike a previous study, 28 in which SNP-based STRUCTURE and Δ K results indicated 3 true populations (K = 3), our results found 2 true populations (K = 2) in our STR comparison and 4 true populations (K = 4) in our SNP comparison when data from all subjects with either SNP (n = 129) or STR (n = 381) information were used (Figure 2 ). Our K = 2 STR results only differentiated the Mauritian population from the others but failed to differentiate the Zamboanga population from the Cambodian-Singaporean-Sumatran cluster (Figure 2 ). In our K = 4 SNP results, Zamboanga and Cambodia populations were separated in addition to Mauritius, leaving Singapore-Sumatra as a fourth population group. Our STRUCTURE analysis of only the 77 samples with both SNP and STR data indicated that only 2 true populations of cynomolgus macaques exist (Figure 3) .
The Mauritian population in this study had the lowest N A , HO, and HE according to the STR analyses. Several previous studies have similarly found the Mauritian population to be less genetically diverse than other cynomolgus populations and have attributed this genetic homogeneity to the population's sudden expansion from a small number of founder animals. 2, 33, 45, 59, 62 In contrast, the Cambodian population exhibited the highest N A , HO, and HE according to STR and, a high degree of differentiation from all other populations based on both marker types, which is likely due to the influence of admixture with rhesus macaques. 2, 33, 57, 29, 46, 51, 56, 60 Our use of the same subjects to compare the relative powers of STR and the new SNP panel eliminated the influence of variables, such as sample size and individual genetic variance, that could skew comparisons. Although the small sample size clearly influenced the allele numbers, a sample-size-adjusted value is N A ), observed heterozygosity (HO), expected heterozygosity (HE Only populations whose members met the 90% data completeness criterion for both SNP and STR were included. Luzon was omitted because too few of its subjects (n = 15) met the 90% data completeness criterion for STR. A total of 83 SNP markers and 18 STR markers met the completeness requirement for inclusion in the analysis. All pairwise F ST comparisons (in italics) were statistically significant at the 0.05 level of probability. unnecessary for comparing HE and HO, because sample size has the same effect on both data sets. In addition, although increased numbers of equally frequent alleles typically are associated with high estimates of HO and HE, in the current study, the HO and HE estimates were not proportional to the sample sizes of the populations probably because of variation in alternate allele frequencies at each SNP and STR locus. The lower N A , HO, and HE estimates of the Luzon population as detected by STR suggests the genetic differentiation between Luzon and the other 3 populations. Our SNP results agree with the STR results for the most part, except that our SNP were unable to detect a significant difference between the HO estimates of Luzon and Zamboanga. According to our SNP results, the genetic distance between Luzon and Zamboanga is lower than that between Luzon and Sumatra. The inconsistency between the SNP and STR results regarding Luzon's HO estimate can be explained by the significantly lower inbreeding level that was detected by SNP but not STR. This contradiction suggests that STR tend to overestimate inbreeding levels, perhaps due to allelic homoplasy, or that estimates of HO are more sensitive to sampling error than those of HE. The contradiction might also be attributed in part to differences between the powers of resolution of SNP and STR or the locations of these loci within the macaque genome.
Although the same STR and SNP were used to genotype all subjects in this study, the results of the 'All subjects' analysis cannot be compared with those from the 'Subjects with both SNP and STR data' evaluation because the criteria for selecting subjects and markers with at least 90% complete genotypes led to subjects with different SNP and STR datasets. Because the earlier analysis compared SNP and STR data from different . Correlation between number of SNP used and the rate of success in assigning subjects to their respective genetic groups. The horizontal red line represents the average successful assignment rate of 17 STR, that is, approximately 96.6%; 27 SNP were needed to achieve this level of assignment. Vol 2018 animals, it was important to compare SNP and STR data from the same animals for which data are reported in Table 2 . Sampling errors probably influence the discrepancies between estimates of population genetic metrics from both analyses based on the different sets of SNP and STR.
The comparison of the 2 types of markers shows that population structure affects them differently. In general, the panel of SNP differentiated populations of cynomolgus macaques as well as or better than STR, because SNP revealed higher overall F ST values. Whereas previous mtDNA studies were able only to differentiate Sumatran cynomolgus macaques from both Cambodian 21, 59 and Mauritian 34, 38, 54 cynomolgus macaques and although previous STR studies clustered the species into 3 groups (Mauritius, the Philippines, and Cambodia-Singapore-Sumatra), our current SNP panel distinguished 4 groups (Cambodia, SingaporeSumatra, Mauritius, and Zamboanga; Figure 2) .
Arguably, the more markers used for population discrimination, the greater the resolution of the subject animals' ancestry. In this study, our results suggest that the SNP are not as discriminating as STR, because multiple SNP are required to achieve the same informative power of a single STR. Therefore, identifying SNP that have great population differentiation power can reduce the number of markers necessary to obtain equivalent STR results. Our results showed that 45 is the optimal number of SNP in our panel for maximizing resources and time efficiency without losing significant discriminating power, although as few as 27 SNP could achieve the same power in detecting population structure as 17 STR in the 4 populations analyzed. Therefore, approximately 1.6 SNP were necessary to provide the same statistical power as a single STR, suggesting that the panel of SNP we used here was more powerful relative to STR than other SNP panels. 14, 49 Although the current study's focus was limited to 6 source populations-Cambodia, Sumatra, Mauritius, Singapore, and the Philippine populations in Luzon and Zamboanga-some of which represent small island populations, our results underscore the significant genetic subdivision caused by the geographic structure of mainland and maritime Southeast Asia. STR will remain an important tool for cynomolgus population studies, but our findings show that SNP can be valuable for understanding and detecting genetic structure and have potential to move into the mainstream for future population studies.
